ABSTRACT: Since parathyroid hormone-related protein (PTHrP) secreted by pulmonary alveolar type II cells is a key physiologic paracrine factor in maintaining alveolar homeostasis, we hypothesized that its levels in the tracheal aspirates (TA) of ventilated very low birth weight infants (VLBWI) would correlate with the development of bronchopulmonary dysplasia (BPD). Therefore, we examined whether TA PTHrP content during the first week of life correlates with the later development of BPD. Forty VLBWI [birth weight, 943 Ϯ 302 g (mean Ϯ SD); gestational age, 27 Ϯ 2 wk; 21 males and 19 females], who were ventilated for respiratory distress syndrome, were studied. The TA were collected once daily until the infants were extubated and immediately frozen at -70°C for subsequent assays for PTHrP and matrix metalloproteinase-8 (MMP-8), a previously described, nonspecific TA biomarker for BPD. The levels of these proteins were correlated with the later development of BPD. PTHrP in the TA during the first week of life was significantly lower in those infants who developed BPD (12/40) than among those who did not (28/40). The PTHrP levels also correlated with the duration of mechanical ventilation needed in these infants. In contrast, MMP-8 levels did not correlate with BPD. We conclude that lower TA PTHrP content during the first week of life in ventilated VLBWI inversely correlates with prolonged ventilation and the later development of BPD. 
D espite tremendous improvements in preterm neonatal
care, BPD remains a common sequela in preterm infants (1) , and, in fact, may be on the rise due to the increased overall survival of VLBWI (2) . Its pathogenesis remains incompletely understood and there are neither reliable early predictors nor any effective treatment options. Abnormal airway development and an arrest in alveolarization (3) are the histologic hallmarks of the "new BPD," which is seen characteristically in extremely low birthweight infants. Mechanical ventilation (4), oxygen exposure (5) , and inflammation (6) of the premature lung are important contributing factors, which are all known to disrupt normal pulmonary development during the critical period of lung growth and development, resulting in arrested alveolarization and BPD.
Pulmonary epithelial-mesenchymal interactions, through the secretion of various autocrine and paracrine factors, are essential for normal alveolar growth and development (7) . PTHrP is an important paracrine factor that plays an essential role in pulmonary epithelial and mesenchymal cytodifferentiation (8) through epithelial-mesenchymal communications in the developing lung alveolus (9 -11) . We have recently shown that alveolar overdistension (12) and/or exposure to hyperoxia (13) down-regulate alveolar PTHrP signaling. Because of both its essential role in the developing alveolus and its downregulation by factors that lead to BPD, we hypothesized that PTHrP levels in the TA fluid of ventilated VLBWI would correlate with the development of BPD.
The aim of this study was to examine whether the TA PTHrP content during the first week of life would correlate with the development of BPD. We also wanted to compare TA PTHrP with TA matrix metalloproteinase (MMP)-8 levels, a previously described, nonspecific tracheal aspirate biomarker for BPD in preterm infants (14, 15) .
METHODS
Forty VLBWI (birth weight Յ1500 g) admitted consecutively to the neonatal intensive care unit of Harbor-UCLA Medical Center between January 1999 and October 2002, who were ventilated for respiratory distress syndrome, were prospectively enrolled in this study. Infants with major anomalies were not included in this study. Informed consent was obtained from the parents and the study was approved by the ethics committee at the Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center.
Tracheal aspirate. Using a standard protocol, tracheal aspirates were collected once daily until the infants were extubated. One milliliter per kilogram of sterile saline was instilled through a 5F catheter inserted into the trachea via the endotracheal tube and immediately aspirated back into a suction trap. The collected sample was immediately frozen at -70°C for subsequent analysis after adding a mixture of the protease inhibitors leupeptin, pepstatin, and aprotinin (Sigma Chemical Co., St. Louis, MO) at 1 g/mL for each. For the purposes of subsequent analysis, for each patient, samples collected on all days of each week were pooled. Clinical data on demographics, respiratory, and nonrespiratory morbidity and mortality were collected prospectively.
Assays for PTHrP And MMP-8. Pooled TA samples were centrifuged (1500 rpm at 4°C for 10 min) and the supernatants were then processed to quantitate the levels of MMP-8 and PTHrP, using ELISA (Amersham Pharmacia Biotech, Piscataway, NJ) and Immunoradiometric (Quest Diagnostics, San Juan Capistrano, CA) assays, respectively, according to the manufacturer's instructions. These assays are highly reproducible, with assay sensitivities of 0.3 pM/L for PTHrP and 0.03 ng/mL for MMP-8 assay. The PTHrP and MMP-8 assays were run without knowledge of the clinical course of the recruited infants. The protein content of the TA was determined by the Bradford dye-binding method (15, 16) . Tracheal aspirate PTHrP and MMP-8 levels were correlated with the presence or absence of BPD, as defined by the need for oxygen at 36 wk postconceptional age to maintain an oxygen saturation of greater than 90% by pulse oximeter, along with the presence of radiologic changes on chest radiographs consistent with BPD, as determined by a single investigator (VKR).
Respiratory distress syndrome was diagnosed in the presence of clinical respiratory distress along with typical radiologic appearance of hyaline membrane disease, i.e. lung field granularity, small lung volumes, and air bronchograms. Air leak was diagnosed in the presence of a pneumothorax or a pneumomediastinum. The mean FiO 2 and mean airway pressure were calculated as the means of the highest FiO 2 and mean airway pressure recorded for each day for the duration of the oxygen therapy and the ventilatory support, respectively.
Statistical analysis. Population data are expressed as mean Ϯ SD and were analyzed using the unpaired t test or Mann Whitney U test, as appropriate. PTHrP and MMP-8 data are expressed as mean Ϯ SEM. ANOVA or t tests were used to compare means. A receiver operating characteristic (ROC) curve was constructed that displays the sensitivity and specificity of PTHrP as a diagnostic predictor of BPD according to varying potential cutoff PTHrP values. The optimal cutoff was selected as that PTHrP value that maximizes sensitivity plus specificity. The log-rank test was used to compare, between subgroups of infants above or below the optimal diagnostic PTHrP level, Kaplan-Meier curves that express for each subgroup the probability of remaining on ventilation over time by cumulating infants weaned off ventilatory support. Logistic regression was used to estimate the relative risks of BPD for prespecified known risk factors and for PTHrP, with simultaneous mutual adjustment of these risk factors for each other, specified a priori and regardless of individual significance in this data. A p value of Ͻ0.05 was considered significant. Based on TA PTHrP values from a baboon model and our preliminary data in humans, we calculated that a sample size of 10 infants in each group would be sufficient to reject or accept the null hypothesis that mean first week TA PTHrP levels would be no different in infants who do or do not develop BPD (power of 90% to detect a mean difference of 25% in PTHrP levels, and a significance level of 5%, two-tailed test).
RESULTS
Forty VLBWI [birth weight, 943 Ϯ 302 g (mean Ϯ SD); gestational age, 27 Ϯ 2 wk; 21 males and 19 females, 10 delivered vaginally and 30 through cesarean section] were recruited. The median Apgar scores were 4 (range, 1-8,) and 7 (range, 4 -9) at 1 and 5 min, respectively. All infants received at least one dose of surfactant (Infasurf, Forest Pharmaceuticals, Inc., St. Louis, MO) at a dosage of 3 mL/kg (phospholipids 105 mg/kg). Overall, 12 out of 40 infants (30%) subsequently developed BPD as defined by the previously described criteria. All mothers [32/40 (80%)], except for four from each group (BPD and non-BPD), had received at least one dose of antenatal steroid before delivery. Two infants, one each from the BPD and non-BPD groups, died. Figure 1 shows TA PTHrP levels during the first week in infants who later did or did not develop BPD. Infants who developed BPD had 3-fold lower PTHrP levels during the first week versus patients who did not develop BPD (Fig. 1) . Further, first-week PTHrP levels also correlated with the duration of ventilation needed. Infants requiring only 1 wk of ventilation had significantly higher wk 1 PTHrP levels than infants who required 2 or 3 wk of ventilation, p Ͻ 0.0001 for linear trend over weeks (Fig. 2) . In contrast to PTHrP levels, first-week TA MMP-8 levels were not different in the infants who later did or did not develop BPD (Fig. 3) . To determine the value of using various cutoff levels for the TA PTHrP for predicting BPD, a ROC analysis was performed (Fig. 4) . A PTHrP level of Յ1.32 pg/mg protein predicts the later development of BPD maximally [84.6% correct classifications (true positives ϩ true negatives), most upper-left point on ROC curve (Fig. 4)] , with a sensitivity ϭ 76.9% and specificity ϭ 88.5%. Other cutoffs that put greater emphasis on either sensitivity or specificity are almost as good; cutoffs between 0.43 and 1.89 pg/mg protein provide overall percentage correct classifications of at least 76.9%. We next examined whether this optimal cutoff value of TA PTHrP (1.32 pg/mg protein) discriminated infants according to the duration of ventilation needed. To examine this, using TA PTHrP level of 
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TRACHEAL ASPIRATE PTHRP 1.32 pg/mg protein as the cutoff, we constructed Kaplan-Meier curves to compare the duration of ventilation needed between the two groups, i.e. less than or equal to and more than 1.32 pg/mg protein TA PTHrP level (Fig. 5) . Infants with TA PTHrP levels Ͼ1.32 pg/mg protein were off ventilatory support significantly earlier (p Ͻ 0.0001). As expected, the mean airway pressure and mean fractional inspired oxygen concentration required for the group with TA PTHrP values Յ1.32 pg/mg protein were significantly higher compared with the group with TA PTHrP values Ͼ1.32 pg/mg protein (Fig. 6) . However, mean GA, mean BW, and sex distribution between infants with low and high TA PTHrP values were not significantly different (Table 1) . Lastly, to determine how PTHrP levels compare with the other known predictors of BPD, such as birth weight (Ͻ1000 g), GA (Ͻ28 wk), and sex (male gender), we performed multivariate logistic regression analysis for these four variables in predicting the development of BPD (Table 2) . Of these variables, a PTHrP level of Յ1.32 pg/mg protein was the strongest predictor of BPD (unadjusted relative risk ϭ 6.67, p ϭ 0.0001) and remained so after adjusting for the other three variables, i.e. birth weight of Ͻ1000 g, GA of Ͻ28 wk, and male gender (adjusted relative risk ϭ 8.73, p ϭ 0.001). Furthermore, risks from low birth weight, early GA, and maleness are all attenuated after accounting for low PTHrP (Table 2) .
DISCUSSION
Our data clearly show that VLBWI who later go on to develop BPD have significantly lower TA PTHrP levels during the first week of life than infants who do not develop BPD. A TA PTHrP level of Ͻ 1.32 pg/mg protein is highly predictive for the later onset of BPD (sensitivity ϭ 76.9% and specificity ϭ 88.5%). TA PTHrP levels also inversely correlate with the duration of ventilation needed in VLBWI. Infants who required a longer duration of ventilation (2-3 wk versus Overall, TA PTHrP levels are much more predictive of the later onset of BPD compared with the other known predictors of BPD, such as birth weight (Ͻ1000 g), GA (Ͻ28 wk), and male gender. However, in contrast to PTHrP levels, MMP-8 levels do not predict the subsequent development of BPD in VLBWI. Our observation of lower PTHrP levels in TA in infants with adverse pulmonary outcomes is consistent with the existing data from previous neonatal (17) , adult (18) , and animal studies (12). Speziale et al. (17) observed significantly lower TA PTHrP levels in infants born at less than 35 wk of gestation versus those born near term; in infants with a BW of Ͻ2 kg versus those with BW of Ͼ2 kg; male preterm (Ͻ35 wk) infants versus females; and in preterm infants who had severe RDS versus infants with milder RDS. These data reinforce the association of PTHrP levels with indices of lung maturation, and its lower levels correlating with RDS and its risk factors (17) . Stern et al. (18) reported that PTHrP levels correlated inversely with the lung injury score, severity of infiltrates on chest radiographs, and TA albumin concentration in adults with acute respiratory distress syndrome. Further, we have previously reported that tracheal PTHrP concentrations remain low after birth in baboons, who, following ventilatorinduced lung injury, go on to develop BPD, versus a 10-fold rise over the first 10 d in control animals that did not develop BPD (12) .
It is noteworthy that in this study, we did not find male gender and GA Ͻ28 wk to be independently associated with an increased risk of BPD. This might be a reflection of either a relatively small sample size in this study or the fact that development of BPD is multifactorial and is likely to be determined by a combination of exposure to postnatal risk factors such as volutrauma, hyperoxia, and infection in a susceptible host rather than just by male gender and low birth weight.
PTHrP is a stretch-regulated gene expressed in the lung by the ATII cell. PTHrP determines the key epithelialmesenchymal interactions in the developing lung (19) , and has been shown to be necessary for inducing the endodermal and mesodermal phenotypes of the alveolus (8, 9) . The PTHrP secreted by epithelial ATII cells acts on its receptor on the adjacent AIF, activating a cAMP-dependent protein kinase A pathway (10) that leads to the activation of peroxisome proliferator activated receptor ␥ (20) and its downstream targets, adipocyte differentiation related protein (19) and leptin (21) , facilitating triglyceride uptake by AIF (19) . The triglycerides taken up by the AIF are then trafficked to the ATII cell for surfactant phospholipid synthesis (22) . In fact, for surfactant phospholipid synthesis, ATII cells are dependent upon AIF to recruit neutral lipids from the circulation to be trafficked to the ATII cells for surfactant phospholipid synthesis (23) . In addition to its role in surfactant phospholipid synthesis, the lipogenic phenotype of the AIF is critically important in providing cytoprotection against oxidant lung injury (24) as well as in promoting ATII cell proliferation and differentiation (12) . We have proposed that the transdifferentiation of AIFto-myofibroblasts under the influence of factors that predispose to BPD is a central event in the pathogenesis of BPD in the newborn, and CLD in the adult (9, 12, 25) , as transdifferentiated AIF (i.e. myofibroblasts) are unable to maintain pulmonary alveolar homeostasis, resulting in failed alveolarization and pulmonary fibrosis (12) .
In addition to PTHrP, we elected to examine the MMP-8 content of TA because neutrophil-derived MMP-8 has recently been suggested both as a marker of the severity of RDS, as well as a predictor for the development of BPD in preterm infants (14) . MMP-8 is expressed by neutrophils and is stored within specific granules, from where it is released and secreted during inflammatory processes. Activated MMP-8 cleaves substrates including collagen types I, II, III, and aggrecan. In addition, MMP-8 is also expressed and secreted by cytokinestimulated mesenchymal cells. Because in our patients TA MMP-8 levels did not correlate with the development of BPD, we conclude that TA PTHrP levels are a better discriminator of alveolar health and disease. However, the observed differences in MMP-8 levels between our study and the previously reported study that found it to be a predictor of BPD could be due to the methodological differences between the two studies since we measured MMP-8 using ELISA versus the Western analysis used in the study by Cederqvist et al. (14) .
CONCLUSIONS
From the data reported here, we conclude that PTHrP levels in TA fluid of ventilated VLBWI correlates with the duration of ventilation required and the likelihood of developing BPD. In contrast, MMP-8 levels do not correlate with the likelihood of developing BPD. However, our observations need to be tested in a larger multi-institutional study. We speculate that † Ratio of the percentage of infants developing BPD among those with the risk factor to those without the risk factor. ‡ Ratio of the adjusted probability of developing BPD among those with the risk factor to those without the risk factor.
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TRACHEAL ASPIRATE PTHRP PTHrP levels in TA reflect the alveolar epithelial-mesenchymal milieu and predict the state of alveolar homeostasis. Therefore, our observations are likely to hold true in a larger study as well.
